The Juan Ferná ndez fur seal (Arctocephalus philippii) was allegedly extremely abundant, numbering as many as 4 million prior to sealing which continued from the late 17th to the late 19th century. By the end of the sealing era the species was thought to be extinct until they were rediscovered at Alejandro Selkirk Island in 1965. Historic records would suggest that the species underwent a substantial population bottleneck as a result of commercial sealing, and from population genetic theory we predicted that the genetic variability in the species would be low. We compared the mtDNA control region sequence from 28 Juan Ferná ndez fur seals from two islands in the Juan Ferná ndez Archipelago (Chile). Contrary to expectation, we found that variation in the Juan Ferná ndez fur seals is not greatly reduced in comparison to other pinniped taxa, especially given the apparent severity of the bottleneck they underwent. We also determined minor, but significantly different haplotype frequencies among the populations on the two islands (Alejandro Selkirk and Robinson Crusoe Islands), but no difference in their levels of variability. Such differences may have arisen stochastically via a recent founder event from Alejandro Selkirk to Robinson Crusoe Island or subsequent genetic drift.
The Juan Ferná ndez fur seal (Arctocephalus philippii) was allegedly extremely abundant, numbering as many as 4 million prior to sealing which continued from the late 17th to the late 19th century. By the end of the sealing era the species was thought to be extinct until they were rediscovered at Alejandro Selkirk Island in 1965. Historic records would suggest that the species underwent a substantial population bottleneck as a result of commercial sealing, and from population genetic theory we predicted that the genetic variability in the species would be low. We compared the mtDNA control region sequence from 28 Juan Ferná ndez fur seals from two islands in the Juan Ferná ndez Archipelago (Chile). Contrary to expectation, we found that variation in the Juan Ferná ndez fur seals is not greatly reduced in comparison to other pinniped taxa, especially given the apparent severity of the bottleneck they underwent. We also determined minor, but significantly different haplotype frequencies among the populations on the two islands (Alejandro Selkirk and Robinson Crusoe Islands), but no difference in their levels of variability. Such differences may have arisen stochastically via a recent founder event from Alejandro Selkirk to Robinson Crusoe Island or subsequent genetic drift.
Population genetic theory makes clear quantitative predictions of the reductions in genetic variability expected from population declines or bottlenecks ( Nei et al. 1975; Wright 1931) . Populations that are reduced to small size and subsequently experience rapid growth lose relatively less variation than populations that do not grow rapidly (Maruyama and Fuerst 1985) . Molecular genetic markers can be used to test the predictions of population genetic theory in studies of both laboratory and natural populations (e.g., Hoelzel et al. 1993; Leberg 1992; Tarr et al. 1998) . While controlled laboratory studies can directly demonstrate the effects of population bottlenecks on allelic diversity and heterozygosity, it is important to assess what actually happens in natural populations that have been greatly decreased in size. Many natural populations have experienced well-documented, human-caused declines. Marine mammals, including pinnipeds, have suffered particularly extreme reductions in population size from the impacts of overhunting during previous centuries ( Bonnell and Selander 1974; Busch 1985; Hoelzel et al. 1993) . With worldwide protection established early in this century, many of these impacted populations began and are still continuing to recover ( Bester 1987; Boyd 1993; Guinet et al. 1994; Hofmeyr et al. 1997; Shaughnessy and Goldsworthy 1990) . However, in many cases the populations remained small for long periods of time because of continued hunting pressure. Highly polygynous pinniped species may have been especially impacted by bottlenecks because the extreme skew in mating success ( Boness 1991) reduces effective population size and thus the ability of a population to retain genetic variation.
The Juan Fernández fur seal (Arctocephalus philippii) is limited in range to the islands that make up the Juan Fernández Archipelago (Alejandro Selkirk, Robinson Crusoe, and Santa Clara) and the San Felix group (San Félix and San Ambrosio) ( Torres 1987) ( Figure 1 ). The Juan Fernández Archipelago is about 650 km west of Valparaiso, Chile, and the San Felix group lies about 900 km further north ( Figure 1 ). Early accounts of the Juan Fernández fur seal on both Alejandro Selkirk and Robinson Crusoe Islands during the late 1600s and early 1700s estimate the number of seals in the millions, perhaps exceeding four million in number at the end of the 17th century [see Hubbs and Norris (1971) for a review]. Intensive exploitation of fur seals that began in the late 1600s resulted in near extinction by the late 1800s ( Hubbs and Norris 1971; Torres 1987) . For nearly 100 years the species was thought to be extinct until 1965, when Bahamonde (1966) observed about 200 seals on Alejandro Selkirk Island.
Since 1965 the population has grown steadily at nearly 15% per year, with recent estimates of more than 20,000 animals (J. Francis, unpublished data). The status of the Juan Fernández fur seal in the San Felix group at the cessation of sealing is unknown, as the fur seals on these islands have rarely been surveyed. Although about 300 fur seals were counted during a partial census of San Ambrosio Island in 1977 ( Torres 1987) , whether this is a breeding population is unknown. Breeding of the Juan Fernández fur seal has, however, been confirmed on both Alejandro Selkirk and Robinson Crusoe Islands. That the period of recovery was protracted (nearly 100 years) suggests that the population was reduced to very low numbers toward the end of the 18th century. Based on the intensity and extent of this putative population bottleneck, and the predictions of population genetic models, we hypothesized that the Juan Fernán-dez fur seal should exhibit levels of genetic variation that are low relative to nonbottlenecked species of pinnipeds. Alternatively, in spite of this significant range contraction the species may have survived in refugia in caves or on inaccessible beaches, thereby maintaining populations and greater genetic diversity than expected.
Here we assess sequence variation in the mitochondrial DNA (mtDNA) control region of 28 Juan Fernández fur seals and 3 subantarctic fur seals (Arctocephalus tropicalis) sampled in the Juan Fernández Archipelago. The aims of this study were to assess the genetic variation in Juan Fernández fur seals in comparison to nonbottlenecked species and predictions of the bottleneck and refugia hypotheses, and to examine whether the current breeding populations of Juan Fernández fur seals on Alejandro Selkirk and Robinson Crusoe Islands are significantly differentiated in order to assess if one or both populations survived the sealing era.
Materials and Methods

Study Site and Sampling
Samples of A. philippii blood were collected from pups at two islands within the Juan Fernández Archipelago, Chile: two breeding sites on Alejandro Selkirk Island [El Tongo ( ET ) and Los Harenes ( LH)] and one site ( Tierras Blancas) on Robinson Crusoe Island (RC) ( Figure 1 ). Three adult female subantarctic fur seals (A. tropicalis), were also sampled from Los Harenes on Alejandro Selkirk Island. DNA sequences derived from these individuals were used as outgroups for some analyses. Blood (5-10 ml) was obtained from the interdigital veins of the rear flippers, stored in lysis buffer, and frozen at a later date.
Laboratory Methods
DNA was isolated in the laboratory using standard phenol-chloroform extraction and ethanol precipitation. We amplified extracted DNA using the polymerase chain reaction (PCR), with oligonucleotide primers homologous to the tRNAs on either side of the mtDNA control region, 5Ј-TTCCCCGGTCTTGTAAACC-3Ј ( T-Thr) and 5Ј-ATTTTCAGTGTCTTGCTTT-3Ј ( T-Phe) as per Hoelzel and Green (1992) and Hoelzel et al. (1993) . DNA was amplified in 50 l reactions containing 2 l of 0.1-0.5 g genomic DNA, 5 l 10ϫ buffer (0.1 M TrisHCl, pH 8.5, 0.025 M MgCl 2 , 0.5 M KCl), 5 l dNTP mix (2 mM dATP, dTTP, dCTP, dGTP, in 0.1 M Tris-HCL, pH 7.9), 3 l of a 10 M solution of each primer, 0.3 l Taq DNA polymerase, and 26.7 l deionized water. The cycle profile was 2 min at 94ЊC, 2 min at 50ЊC, and 45 s at 70ЊC, repeated 30 times. PCR products were cleaned using the QIAquick protocol and cycle sequenced using ABI PRISM dye terminators (ABI 1995) with the T-Thr primer, and an additional internal control-region primer (SCR-1, 5Ј-CCTGAAGTAAGAACCAGATG-3Ј) ( Hoelzel et al. 1993) . Sequencing was performed on an ABI 373 automated sequencer (Applied Biosystems 1994).
Sequence Analysis
Sequences were aligned using Sequencer 3.0 (Gene Codes Corporation 1995) and alignment gaps were also checked by eye. We calculated basic statistics of sequence variation, including the number of distinct haplotypes, haplotype diversity (H), mean proportion of segregating sites (p), and nucleotide diversity ( and 95% confidence limits; Nei 1987) using the computer programs NucDiversity 1.0a (C. E. McIntosh, unpublished, available from the authors) and Arlequin 2.0b2 (Schneider et al. 1999) . We compared as an estimate of ( ϭ 2N e ) to estimates based on p ( p ). p and its 95% confidence limits were estimated using equations 10.3 and 10.2 ( Nei 1987) . Mean statistics were calculated across the entire sample, by island, and by collecting site. We used PAUP* (Swofford 1997) to obtain a matrix of TamuraNei and ⌫-corrected distances [␣ was estimated from the topology of a neighbor-joining tree using the method of Sullivan et al. (1996) ]. We used the program CIProgram (C. E. McIntosh, unpub- lished, available from http://www.si.edu/ organiza/museums/zoo/) to calculate unbiased 95% confidence limits around Jukes-Cantor distances using the method of Steel et al. (1996) . We used Arlequin 2.0b2 (Schneider et al. 1999 ) to calculate Tajima's D ( Tajima 1989) and to conduct mismatch and raggedness analyses ( Harpending 1994) .
We also evaluated the population and phylogeographic structure of the sequences. We use two primary approaches: (1) a molecular analysis of variance (AMOVA) provided analogs of F ST ( Excoffier 1995; Excoffier et al. 1992 ) that were used to estimate levels of long-term gene flow (N e m) among populations; and (2) we constructed phylogenetic trees using two primary methods to evaluate the relationships among haplotypes and their structure in relation to geography. We constructed a simple Euclidean distance matrix among haplotypes for the AMOVA, then assessed components of among population variation hierarchically and nonhierarchically by island. The F ST values were compared to a randomized null distribution in a permutation test to infer whether they were significantly different from zero ( Excoffier 1995) .
The Tamura-Nei/⌫-corrected distance matrix from above was limited to unique haplotypes and then used to construct the shortest length trees by branch swapping in heuristic searches from a preliminary neighbor-joining (Saitou and Nei 1987 ) generated tree using a minimum evolution criterion (PAUP*; Swofford 1997). Support for each node was also evaluated from a 500-repetition bootstrap on neighbor-joining trees. We also constructed trees in PAUP* using a maximum parsimony approach (Swofford 1997; Swofford et al. 1997) . Gaps were considered a fifth character state. We used a branch and bound search and accelerated transformation to obtain the shortest length trees, then used these to construct a 50% majority rule consensus tree. We also used a 500-repetition bootstrap to obtain inference as to the support for each node of the consensus tree.
Results
Samples and Sequences
We obtained 31 sequences from the t-RNA pro and the left domain (5Ј end) of the control region of mtDNA: 28 are from Juan Fernández fur seals ( Table 1) and three are from subantarctic fur seals. The Juan Fernández fur seal sequences are from two breeding colonies on Alejandro Selkirk Island (7 individuals from El Tongo and 12 from Los Harenes) and from one breeding colony on Robinson Crusoe Island (9 individuals) ( Figure 1) . The control region begins on base 45 of our sequence ( Table  1 ) (the first 44 bp of our sequence is from the 3Ј half of tRNA pro ). The total number of sites across both species in our alignment is 320, but the short alignment gaps in the central part of the sequences resulted in only 307-315 bp called for most individuals. In the dataset involving both species we find 80 variable sites and 15 haplotypes ( Table 1) . Insertion-deletion events occur at 16 of the 80 sites; 3 of these gap sites also have transitional base substitutions.
In the Juan Fernández fur seal sequences alone we find 52 variable sites and 13 haplotypes. All substitutional changes for the species are transitions (19 A-G and 20 C-T changes) ( Table 1) . We find 16 variable gap sites, of which 13 do not also in- Table 2 ). The observed mismatch distribution of Juan Fernández fur seal sequences differs from the simulated Poisson expectation for a unimodal expansion model (P Ͻ .02; Figure 2 ; Harpending 1994). The mean raggedness index ( Harpending 1994 ) is not particularly large, but is significantly different from zero (r ϭ 0.047, P Ͻ .01). These measurements support the hypothesis that the population size of Juan Fernández fur seals has been stationary or mildly bottlenecked and do not support a historical population expansion ( Harpending 1994) . The subantarctic and Juan Fernández fur seals sequences have 21 fixed alternative differences: 14 are transitional differences and 7 are transversional (no gaps occur as fixed differences between the two species) ( Table 1) . Variable substitutions are also not randomly distributed across the sequence ( Figure 3 ). Only one of these substitutions (position 29) is found in 44 bases of tRNA pro compared to 66 of 276 sites in the control region. In addition, sites 149-179 are completely conserved, and the 5Ј half of the control region's left domain has twice the variable sites found in the 3Ј half (44 versus 22, ⌫ ϭ 9.8, P Ͻ .005).
Genetic Structure and Phylogeography
The genetic divergence between fur seal populations on Robinson Crusoe and Alejandro Selkirk Islands is significantly different from zero: the uncorrected distance is 0.031, a 95% Jukes-Cantor corrected confidence interval via Steel et al. (1996) method is 0.020-0.044, and the TamuraNei and ⌫-corrected distance is 0.035 [␣ ϭ 0.468 by the Sullivan et al. (1996) method]. The AMOVA provides an F ST of 0.082 between the two island populations ( Excoffier 1995) . This value is significantly different (P ϭ .049) from a null distribution obtained from 100 random permutations. Using equation 13.79 ( Nei 1987) we calculate an estimate of N e m corrected for a small number of population samples as 1.4.
Phylogenetic relationships among the 13 haplotypes were reconstructed using distance parsimony (minimum evolution) and cladistic parsimony analyses. The distance method utilized a matrix of TamuraNei and ⌫-corrected distances. Only one minimum evolution tree was found from 10 searches with different taxon orders (minimum evolution score ϭ 0.377; Figure  4 ). Repeated cladistic branch and bound searches retained the same 12 most-parsimonious trees. Each required 124 steps and provided a consistency index of 0.69. A majority rule consensus constructed from the 12 trees is very similar in topology to the tree derived from minimum evolution (as shown in Figure 4) . Node support from 500 repetition bootstraps is also similar between the two analytical methods. Examination of the tree reveals that some haplotypes are found in more than one population or island, and there is only minor structuring of haplotypes into clades. However, although there are haplotypes shared between the two island populations, the AMOVA does provide some evidence of significant, albeit minor, structuring in the Juan Fernández fur seal populations based on mtDNA.
Discussion
The Putative Population Decline and Genetic Variation
The Juan Fernández fur seal was impacted from unconstrained hunting to the point where the species was thought to be extinct from the late 1890s until 1965 ( Torres 1987) . However, some breeding population(s) apparently survived in the Juan Fernández Archipelago ( Hubbs and Norris 1971) , and perhaps in the San Felix group also. Based on the putatively low popula- Bickham et al. (1996) ; 5, Maldonado et al. (1995); 6, Hoelzel et al. (1993); 7, Slade (1997) ; 8, Kretzmann et al. (1998) . a Calculated excluding sequence gaps. tion size of the species for a period that is likely greater than 50-100 years, we predicted that mtDNA variation would be low relative to other pinniped species (e.g. Bickham et al. 1996; Hoelzel et al. 1993 ). Alternatively the difficult access by boats of certain sites (e.g., beaches and caves) may have resulted in an underestimate of the minimum population size ( Francis JM, personal observation). Our observation of relatively high levels of genetic diversity in the Juan Fernández fur seal as measured by nucleotide sequence of the mitochondrial control region supports the refugia hypothesis over the bottleneck hypothesis. We identified 13 haplotypes from 28 individuals, with half of the individuals sharing one of three haplotypes. The genetic variability found in the Juan Fernán-dez fur seal is within the range reported for the same gene in other pinnipeds, and is much higher than the variation reported in the northern elephant seal and Hawaiian monk seal, both species which share historically documented extreme population size reductions and low genetic diversity ( Table 3 ). The genetic variability found in the Juan Fernández fur seal is greater than that reported for the closely related Guadalupe fur seal (A. townsendi), but less than that reported for Antarctic and subantarctic fur seals ( Table 3) .
By combining historical data with simulation models based on demographic data, Hoelzel et al. (1993) estimated the extent of the population bottleneck that affected the northern elephant seals to be less than 30 seals over a 20-year period, or a single-year bottleneck of less than 20 seals. Such a bottleneck followed by genetic drift has resulted in a substantial loss of genetic variability, with only two haplotypes in 300 bp of the control region mtDNA ( Hoelzel et al. 1993 ). This contrasts markedly with the southern elephant seal, which, although it was also hunted, was never reduced to such low numbers and has 26 haplotypes for the same region of mtDNA ( Hoelzel et al. 1993) .
Despite being thought to have a similar population history to the northern elephant seal, the Juan Fernández fur seal does not appear to have the expected low genetic variation. In addition, parameters that can be used to infer bottlenecks (or directional selection) that we estimated from the sequence data do not suggest that a major bottleneck occurred (i.e., Tajima's D, mismatch distribution, raggedness index). How can we reconcile the reported severe population decline of the Juan Fernández fur seal with the genetic data? Historical records even suggest the species was extinct by the late 1800s, and the recovery in this century has been extremely slow.
We suggest two likely reasons for this discrepancy between history and genetic diversity: first, although Juan Fernández fur seals were hunted in large numbers from the late 1600s through to the early 1800s (with ships departing the islands with tens of thousands of skins each visit), visits to the islands were less frequent during the 1800s. This was likely a consequence of fewer seals and a decline in demand for fur seal skins as a result of a collapse in the fur seal markets of China, which occurred after 1807 (Richards 1994) . Second, some sites where fur seals bred, such as caves or narrow rock ledges at the base of cliffs, would have been mostly inaccessible to sealers and thus provide some refuge. Unlike elephant seals, which breed on sandy beaches, move slowly on land, and are easily approached, fur seals breeding on narrow rocky ledges or caves would have been very difficult to approach, and working in such areas would have been dangerous. Thus declining seal numbers, declining markets for skins, reduced visitation, and a number of refuge areas would have tended to extend the period of population reduction, and ensured that fur seal numbers would not reach critical levels. Such a scenario would reduce the intensity of a population bottleneck, and may explain the relatively high levels of genetic variability in the Juan Fernández fur seal.
Furthermore, the original estimates of population size at the time of rediscovery may be substantially biased. The original count of Bahamonde of 200 seals on Alejandro Selkirk Island in 1965 was only a partial count and may have underestimated the total population size by as much as 500 or more. Aguayo and Maturana (1970) counted 459 on all islands in the Juan Fernández Archipelago in 1969, but this census was conducted in March which is not the peak season. Further, they reportedly missed some caves, including one with 170 animals, as determined in a census conducted in February 1970, when 750 animals were counted (Aguayo et al. 1971) . Finally, during censuses conducted by John Francis between 1987 and 1992, many caves and beaches on Alejandro Selkirk Island were only accessible by boat and on the calmest days. Some of these sites were found to be so difficult to reach that they would have offered substantial refuge to the fur seals during the sealing era.
Genetic Structure
We also found that there is minor, but significant, genetic differentiation among populations on the two islands in the Juan Fernández Archipelago (F ST ϭ 0.082, P ϭ .05), but no difference in variability between the two populations. The minor differences in haplotype frequencies may have arisen stochastically via a recent founder event from Alejandro Selkirk to Robinson Crusoe Islands or subsequent drift. There are no clades in the phylogenetic trees that are limited to one island or another, so no evidence of any longterm divergence among the populations. Our results therefore cannot rule out the hypothesis that the species only survived at Alejandro Selkirk Island at the end of the sealing era. Population differentiation is apparent in other seal populations where control region mtDNA have been investigated. In the Guadalupe fur seals, DNA samples obtained from 25 individuals from Isla de Guadalupe belonged to one of three major haplotype groups which could possibly represent some relict (presealing) population differentiation, as the species is currently restricted to a single breeding island ( Bernardi et al. 1998) . In Steller sea lions (Eumetopias jubatus), control region mtDNA sequences revealed high variability (52 haplotypes), with some haplotype lineages being specific to either an eastern (southeastern Alaska and Oregon) or western (Commander Islands to the Gulf of Alaska) population ( Bickham et al. 1996) .
